The most important ability of a quantum channel is to preserve the quantum properties of transmitted quantum states. We experimentally demonstrate a continuous-variable system for efficient benchmarking of quantum channels. We probe the tested quantum channels for a wide range of experimental parameters such as amplitude, phase noise and channel lengths up to 40 km. The data is analyzed using the framework of effective entanglement. We subsequently are able to deduce an optimal point of operation for each quantum channel with respect to the rate of distributed entanglement. This procedure is a promising candidate for benchmarking quantum nodes and individual links in large quantum networks of different physical implementations.
It is envisaged that a quantum network would consist of many nodes and channels for processing and distribution of information [1] . Such a network requires the ability to perform well-controlled operations on single quantum systems and to generate entanglement between several quantum systems. In the past, considerable efforts were made to implement, characterize and optimize such local operations [2] . As the complexity of single nodes increases, another crucial aspect to consider is the transfer of quantum information within and between them. In quantum networks, as well as quantum computers, characterization of the individual nodes and channels via process tomography [3] or a direct benchmarking procedure is essential to get a performance estimate of the whole system [4, 5] . Moreover, if we can analyze nodes and channels quantitatively, then, by tuning parameters, we can optimize their operational working points.
A common way to evaluate the performance of quantum devices is to compare them against analogous classical devices using fidelity-based benchmarks [6] , even though this approach can be experimentally costly. While fidelity may allow us to distinguish devices from their classical counterparts, it is not clear how to use it to quantitatively characterize devices. Results from the field of quantum key distribution (QKD) can provide another possible way to quantitatively characterize quantum networks. In QKD, one aims to generate a secret key from quantum-correlated data by measuring quantum states shared between distant parties. The quantum states are exchanged over a quantum channel. This channel is an important component and requires great care when being established and characterized [7] . However, there are other less demanding applications for quantum channels, and the specific requirements for the channel will depend on our needs. This allows us to identify some minimal requirements [8] , based on the preservation of entanglement, for a channel to be useful for quantum communication.
From a more general perspective, the distribution of quantum correlations in quantum networks can be efficiently investigated using the framework of effective entanglement [4, 5, 9] . Although our approach applies generally, we focus here on continuous-variable systems, such as systems based on quantum optics, collective spin excitations [10] , surface plasmons [11] , optomechanics [12] and cavity quantum electrodynamics [13] . In contrast to fidelity-based benchmarks, the framework of effective entanglement aims to use minimal experimental resources while providing a quantitative characterization of quantum devices. So far, experiments have been performed to witness effective entanglement in a fiber [14] and a freespace [15] channel, as well as a benchmark performed on a quantum memory [16] . It is now desireable to have a benchmark system that is capable of covering a wide range of parameters in order to find the optimal point of operation for each quantum device.
In this Letter, we demonstrate an experimental implementation of a continuous-variable system for efficient benchmarking of quantum channels and devices. This benchmark system allows us to identify the optimal point of operation of a given quantum channel with respect to the rate of transmitted entanglement. We find the optimum by varying the quantum state amplitude and measuring the excess noise for fiber channels with a length of up to 40 km. The entanglement rates are calculated using the framework of effective entanglement. Furthermore, we demonstrate the impact of phase noise on the ability to distribute entanglement, showing that after a certain amount of dephasing the detectable quantum correlations drop to zero.
The primary goal of quantum benchmarking is to operationally differentiate a given channel/device from the class of measure and prepare (MP) channels. MP channels involve first a measurement, followed by classical storage/transmission of the measurement result, and finally the preparation of output states based on this classical data. Due to the classical step, MP channels are not sufficient for quantum communication protocols. Accordingly, any channel which cannot be distinguished from MP operation will not be usable in a quantum communication context.
The set of MP channels is mathematically equivalent to the set of entanglement-breaking channels [17] . Thus, if we show that a channel can preserve entanglement, then that channel has passed our quantum benchmark. In fact, by using a source-replacement (or prepare and measure) description, the entanglement-preserving capabilities of a channel can be efficiently tested without needing to use real entangled states. In such a scheme, we probe the channel with different test states (for the experiment, we use two coherent states |±α ). Theoretically, we imagine that these test states are part of a larger entangled state, given by [9, 18] 
We represent the tested channel mathematically by a quantum map Λ, mapping from the input system A ′ to some output system B. To test the entanglementpreserving capabilities of the channel, we need to determine whether or not the bipartite output state ρ
However, since the entangled state is a virtual construction, we do not have access to tomographically-complete information of this effectively entangled state. Our information is limited to only the reduced density matrix ρ A = Tr B (ρ out AB ), along with any measurements made on the physical output states ρ out 0/1 . The reduced density matrix
is parameterized by the overlap s = α|−α and remains constant during the protocol. Previously, we have used Stokes measurements [14] because they enable benchmarking under the adversarial scenario common in QKD.
Here, we are interested in quantifying channels under less restrictive conditions. In this case, the conjugate quadrature operatorsx andp suffice (see [18] for discussion about Stokes vs quadrature measurements). Through measurement, we determine the mean value ẑ and variance Var(ẑ) = ẑ 2 − ẑ 2 ofẑ ∈ {x,p} for each output state.
Using the overlap value and the obtained measurement results, the task is to determine whether ρ out AB is entangled. One method for accomplishing this is with a witness-like procedure [9, 18] . Alternatively, we can minimize an appropriate entanglement measure over all bipartite states consistent with the available information [5, 19] . In addition to classifying entangled states [5] , the entanglement measure approach gives us the ability to also quantitatively describe and compare different channels. Although we use the concept of effective entanglement to simplify our benchmarking scheme, we note that it is entirely representative of what one would find had the same data been generated from a real entangled state.
Our entanglement measure cannot be chosen arbitrarily; the quantification procedure outlined in [5, 19] requires that the measure satisfies some mild monotonicity properties. In addition, the measure should ideally be efficiently computable, for instance via a semidefinite program. In this paper, we will use the negativity [20] [21] [22] , which fulfills the required conditions. It will also be convenient to convert our entanglement content to the logarithmic negativity [23] , another measure which is in one-to-one correspondence with the negativity. The lognegativity has the useful property of being additive, allowing us to quantify entanglement built up over repeated channel use. It also has an operational interpretation in terms of the entanglement cost under a certain class of operations [24] .
We implemented the benchmark using an experimental setup similar to that demonstrated in [14] , consisting of three parts: a sender (Alice), a receiver (Bob) and the channel to be tested (which is simply "plugged in" to the benchmark system) (Fig. 1) . Alice and the quantum channel are fiber-based, whereas Bob uses free space optics. We use a 1550 nm laser as a light source, operated at a repetition rate of 1 MHz, producing pulses of 20ns. The pulses are then split up asymmetrically (BS1) into a local oscillator (LO) and a signal line. The larger portion of the beam is directed to the LO line to provide a strong phase reference for the weak signal beam. The signal preparation line is composed of a delay fiber, a Mach-Zehnder modulator (MZM), an attenuator and a polarization controller. The delay fiber causes a 0.5 µs delay between signal and LO pulses to prevent scattering of photons from the LO into the signal mode during their propagation through the channel. The MZM generates coherent states with opposite phases 0 and π while the attenuator reduces the state amplitude to a quantum level. A polarization controller (PC1) prepares the signal states' polarization orthogonal to the LO pulses. After recombining the two modes with a beamsplitter (BS2) another polarization controller (PC2) is adjusted such that LO and signal can be split up again on Bob's side. The two modes are then sent through an isolator to the quantum channel, after which they enter Bob's setup. There, the time multiplexing delay is reversed to allow for temporal mode matching of signal and LO. The signal states are then characterized using double homodyne detection. Additionally, the signal pulses in Alice and the LO in Bob are monitored.
We employ a binary alphabet to probe the quantum channel. The alphabet consists of two weak coherent states: |α and |−α (|α| ≈ 0.5). This alphabet is chosen, because it is easy to implement (single MZM) and to post-process. After the states have passed through the quantum channel they enter Bob's receiver. We measured a receiver efficiency η Bob of ≈ 73%, which consists of the optical losses in Bob's setup, the homodyne detector efficiencies and the interferometric visibility between the signal and LO mode. Note that the total transmission T used later on includes the receiver efficiency η Bob and the losses in the quantum channel. Bob's double homodyne detection measures the joint probability distribution of the conjugate quadrature operatorŝ x andp, also known as the Q-function [25] . We obtain the marginal distribution of the Q-function for each quadrature to calculate its first and second moments. From the first moments we compute the complex number β = â 1 for which we use the symmetric definition â = 1 √ 2 ( x + i p ). Knowing the total transmission T we are able to calculate the overlap α|−α of the co-1â denotes the quantum mechanical annihilation operator for the light mode under investigation.
FIG. 2:
Quantification of effective entanglement for a 20 km (top) and a 40 km (bottom) fiber channel. The negativity values in the shaded region were calculated by assuming all variances equal [5] . Since the experimental variances have small differences inx andp of the alphabet, the theoretical negativity values here serve only as a reference. We observe that the 20 km channel can tolerate more excess noise whereas the 40 km channel shows to be at its limit. Note that the displayed negativity is a lower bound to the actual transmitted entanglement and that the statistical error is contained within the data points.
herent states on Alice's side. The second moments of the Q-function marginals, minus a constant, correspond to the quadrature variances Var(x) and Var(p). We normalize the measured variances of our signal states to that of the coherent vacuum state, where we chose the shot noise level to be equal to 1. Any additional variance is considered to be excess noise added by the channel.
The parameters we varied are the transmission of our quantum channel, the sending amplitude |α| of the coherent test states and the magnitude of the artificially induced phase noise. We performed the benchmark for two standard fibers with lengths of 20 km (T ≈ 24%) and 40 km (T ≈ 9%) serving as the quantum channel. We probed the channels for different sending amplitudes ranging approximately from 0 ≤ |α| ≤ 1 and found a nearly constant quadrature variance of ≈ 1.02 (20 km fiber) and ≈ 1.04 (40 km fiber). We were able to witness and quantify the preservation of entanglement for both quantum channels for certain amplitudes (Fig. 2) . Using a sending rate of 0.875 MHz and the quantified log-negativity we calculated the rate of distributed entanglement for both channels (Fig. 3) . We find maximum rates of 166,000 log-neg units/s for a 20 km and 15,000 log-neg units/s for a 40 km channel. For comparison, a maximally-entangled two-qubit state has 1 log-neg unit of entanglement. We were thus able to determine the optimal point of operation for the two quantum channels (Table I) . Furthermore, we investigated the impact of excess noise on the channel and the effective entanglement benchmarking protocol. Here, our phase calibration procedure provides access to a tunable noise parameter. As no phase lock is present between signal and LO pulses, their relative phase drifts freely whenever they propagate through different spatial paths of the setup. Without any post-processing the signal states thus arrive effectively phase-randomized. However, we experimentally find that their relative phase remains fairly constant during a 250 µs time frame. Alice therefore sends along bright calibration pulses to provide a classical phase reference for Bob. These calibration pulses are used to rotate the signal pulses in the measured phase space to match Alice's preparation frame of reference. This procedure effectively reverts the phase-randomization [26] .
The phase noise may now be tuned, by gradually weakening the calibration pulses and thus diminishing the phase information available for the phase space rotation. We therefore expect a gradual phase-diffusion of the signal states with decreasing calibration pulse amplitude. This phase-diffusion is reflected by an increased quadra- ture variance ofx andp. Below a certain calibration pulse amplitude, the signal states will be phase-diffused to such a degree, that the negativity drops to zero and entanglement can no longer be witnessed. Fig. 4 shows this effect for a 20 km fiber channel.
The theoretical curves for Fig. 4 were obtained by numerically calculating the variance of the Q-function marginals of phase-diffused coherent states. The phasediffused Q-function Q pd was obtained by calculating the weighted integral of Q-functions of coherent states with the same amplitude r but different phase:
The amount of phase-diffusion of Q pd is determined by the phase probability distribution f (φ) of a coherent state, given by f (φ) = Q coh (r, φ) rdr. The amplitude of Q coh is equal to the amplitude of the calibration states Bob receives, thus corresponding to the amount of phase information available to him. The asymmetry between Var(x) and Var(p) is merely a matter of choosing a fixed frame of reference in phase space for the simulated phasediffused state (modulation alongx).
In conclusion, we demonstrated a versatile continuousvariable system for efficient benchmarking of quantum communication channels and devices. This procedure enables us to investigate the quantum throughput of various quantum systems independent of their physical real-ization. We can probe the channel over a range of tunable parameters, such as input state amplitude and phase noise, allowing us to determine optimal working points. Using the framework of effective entanglement, we determined these points with respect to the rate of distributed entanglement.
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